Abstract-Commercial enhancement mode GaN HEMTs are irradiated with low energy protons under different bias conditions. Negative threshold voltage (V t h ) shifts are observed. In contrast, V t h shifts are positive under high voltage stress without proton irradiation. C-V measurements with floating terminals are performed before and after irradiation. Both I-V and C-V results show that a significant density of charged donor-like traps is introduced into these devices by low energy proton irradiation. These defects trap electrons, scatter charge carriers, and/or, in these enhancement mode devices, partially compensate the p-type doping in the p-GaN layer, thereby leading to the observed negative V th shifts and G m degradation. The floating terminal C-V measurements that are introduced in this study appear to be quite sensitive to traps in the AlGaN buffer layer, making this a potentially useful technique for future device characterization.
ionizing radiation than MOS or bipolar devices due to the absence of SiO 2 layers [1]- [5] . Thus, they are often suitable candidates for use in high radiation environments such as highenergy particle accelerators and earth orbiting spacecraft.
For DC-DC converters, enhancement mode transistors operating as switches are favored over depletion mode GaN transistors because of their simplified circuit topology. Previous work has shown that these devices are robust to irradiation with gamma rays [6] , but degradation has been observed under proton irradiation [2] . To further investigate low energy proton irradiation effects, we have irradiated enhancement mode GaN HEMTs with 3.8 MeV protons under several bias conditions. We find significant threshold voltage shifts at high fluence levels, but the observed device radiation tolerance should be more than sufficient for most space and accelerator applications.
II. EXPERIMENTAL DETAILS
Enhancement mode GaN HEMTs were provided by Freebird Semiconductor Corporation. A schematic device structure is shown in Fig. 1 . A p-GaN layer is grown on top of an AlGaN barrier to achieve a normally off condition. The devices were mounted using thin bonding wires to solder bump contacts to 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. reduce the interference of packaging with the proton beam. For all these devices, the substrate was shorted to the source.
The maximum ratings for V DS and V G S are 40 V and 6 V, respectively. The measured V th is ∼1.1 V before irradiation. Devices were irradiated with 3.8 MeV protons to fluences of up to 10 14 protons/cm 2 at normal incidence using the Vanderbilt University Pelletron. The proton flux was 0.5 ∼ 1.5 × 10 10 cm −2 s −1 ; devices were not heated significantly at this proton fluence. The devices were measured in-situ between step-stress exposures in the Pelletron vacuum chamber. At each fluence, beam and bias were removed for about 20 minutes to allow a set of I-V and C-V measurements to be made. During the measurements, the sweep voltage and current were kept low enough to avoid self-heating effects. An Agilent B1505 parametric analyzer was used to monitor gate current during irradiation, as well as to perform the I-V and C-V measurements before and after irradiation.
III. EXPERIMENTAL RESULTS

A. High Voltage Stress Effects
High voltage (HV) stress may lead to parameter degeneration or destructive damage in GaN HEMTs [7] - [10] . So, before conducting a radiation experiment with bias applied to the device, it is necessary to perform a high-voltage stress test to determine the stability of the device under applied bias. Fig. 2 shows the I D -V G characteristics of the enhancement mode GaN HEMTs under 32 V drain bias stress (V G S = 0 V), before proton exposure. A positive V th shift of ∼0.8 V in 20 min is observed. Fig. 3 shows an alternating stress-recovery test. Here, the drain bias was alternated between 0 V and 32 V, each for 20 minutes, for three complete cycles. Significant charge trapping and recovery is observed. Hence, while the V th is still well within the datasheet range, 0.7 V to 2.5 V, a circuit designer would need to accommodate bias-induced Vth shifts for these devices. In addition, a reduction in G m is observed of ∼20%. These results are consistent with the creation and/or charging of pre-existing acceptor defects by the application of high-field stress [7] - [10] . show that, within typical device-to-device variation (±10%), the irradiation-induced degradation does not depend strongly on applied bias for these devices, in contrast to recent work on other device technologies [10] . The device goes out of datasheet specification (minimum V th = 0.7 V) at a proton fluence of ∼2 × 10 13 /cm 2 with drain bias of 10 V. The range of 3.8 MeV protons is about 100 µm in these devices. The non-ionizing energy loss of 3.8 MeV protons is much higher than that of the higher-energy protons that typically dominate the response of typical space systems [2] , [3] , [12] , [13] . Thus, the equivalent displacement damage doses in this study are quite high compared with most realistic space environments [2] , [3] , [14] ; please see [2] and [3] for additional detail. Thus, it is reasonable to expect these devices to function well in all but the most challenging space and accelerator applications. Fig. 7 shows the V th recovery at room temperature with all terminals grounded. For all three devices, V th recovers only partially during room temperature grounded annealing, similar to what is observed after high-voltage stress in Fig. 3 . 
B. I-V Response to Proton Irradiation
C. C-V Response to Proton Irradiation
To obtain additional insight into the radiation-induced charge trapping in these devices, C-V measurements with a floating terminal are also performed at a frequency of 1 MHz. Fig. 8 shows the C G -V G characteristics for different proton fluences. To obtain C g1 , the drain, source and substrate are shorted together and then grounded, which is typical of C G -V G measurements (i.e., this would be the typical bias condition for similar measurements performed on a MOS capacitor). To obtain C g2 , on the other hand, only the drain is grounded, and the source and substrate are shorted together and allowed to float. Fig. 8 illustrates that the two resulting, measured capacitance-voltage curves can be separated into two regions. For region A, corresponding to a relatively high/positive gate voltage, the measured capacitance is the same for each method. For region B, corresponding to a relatively low/negative gate voltage, the two measured capacitances are different. While the radiation-induced shifts in each case are consistent with the generation of radiationinduced donor-like traps, Fig. 8 shows that each region has a different quantitative response. The negative shift of region A is much smaller than that of region B for C g2 . These results are otherwise consistent with the I D -V G data of Fig. 4 , and will be discussed further below. 
IV. DISCUSSION
A. I-V Results
While the positive V th shifts induced by the high field stress are consistent with many previous reports [7] - [10] , most GaN HEMTs show positive V th shifts after proton irradiation [3] , [5] , [9] , [10] . However, for some GaN HEMTs, negative V th shifts (or an initial negative shift followed by a positive shift) after x-ray [4] , [11] proton [6] , [11] or heavy-ion irradiation [15] have been reported. Notably, similarly negative V th shifts and G m degradation were reported for proton irradiation of devices with similar structure (p-GaN/AlGaN) in [6] .
Previous work on depletion mode AlGaN/GaN HEMTs shows that low energy protons can create acceptor-like defects in AlGaN, at the AlGaN/GaN interface, or in the AlGaN buffer layer. The most prominent defect levels are those at E c − 0.2 eV and E c − 0.7 eV [10] . Low-energy defects have been identified as nitrogen-vacancy-related centers and oxygen substitutional impurity centers, and the higher energy defect has been identified as a N Ga anti-site defect [5] , [10] , [16] . In contrast, these devices show donor-like defects after proton irradiation. It is unclear whether these are different charge states of similar point defects in p-GaN material (vs. n-GaN in previous work [5] , [10] , [16] ), as may be the case for N vacancy-related defects, which have both donor and acceptor levels [17] , [18] , or whether different point defects are dominating the response of these devices. This is a fruitful area for future study. Fig. 9 shows the AC equivalent circuit of a GaN HEMT. In a typical C G -V G measurement, the source and drain terminal are shorted together, so the measured gate capacitance is simply C gd + C gs , which is useful to characterize radiation induced defects in the p-GaN/AlGaN interface and the AlGaN barrier. In addition to this typical C G -V G measurement, C G -V G curves with floating terminals are also sensitive to signals between the drain and source, which can potentially provide additional radiation-induced charge trapping information. Fig. 10 shows the two connections used to obtain the Fig. 10 . The equivalent capacitance of the connections in Fig. 8: (a) is used to obtain C g1 , and (b) is used to obtain C g2 . Fig. 8 ; Equation (1) can be used to calculate the capacitance.
B. C-V Results
C-V curves in
According to equation (1), C g1 is equal to C g2 when C ds is much larger than C gs , which corresponds to region A in Fig. 8 . When the applied gate voltage becomes lower, the depletion region in the GaN channel pinches off the channel, which decreases C ds . When C ds is comparable to C gs , the capacitance curves measured by these two methods become distinct, corresponding to region B in Fig. 8 . After proton irradiation, a ledge is generated at the transition area between regions A and B for the C g2 curves. We attribute this ledge to donor-like traps generated by proton irradiation at the GaN/AlGaN buffer interface, consistent with the negative V th shifts and G m degradation observed in the I-V measurements. However, more work is required to verify this interpretation of the results.
Note that the C-V shift in region A in Fig. 8 is much smaller than the shifts in region B. Based on the discussion above, it is likely that this occurs because the C-V shift in region A is sensitive primarily to traps in the p-GaN and AlGaN layers, but the shift in region B is also sensitive to defects in the AlGaN buffer layer, which can play a significant role in the radiation response and reliability of GaN/AlGaN HEMTs [19] .
V. CONCLUSIONS
We have evaluated the response of commercial enhancement mode GaN/AlGaN HEMTs to high-voltage stress and to 3.8 MeV proton irradiation. The application of high-voltage stress leads to a positive V th shift, and proton-irradiation leads to a negative V th shift and G m degradation. Threshold voltages remain within datasheet limits up to a fluence of ∼2 × 10 13 protons/cm 2 for these devices. Thus, it is reasonable to expect these devices to function well in most space applications and accelerator applications.
By analyzing the I-V and C-V results, these changes in device characteristics most likely result from the generation or activation of donor-like defects in AlGaN, at the AlGaN/GaN interface, and/or in the AlGaN buffer layer. These defects may trap electrons, scatter charge carriers, and/or, in these enhancement mode devices, partially compensate the p-type doping in the p-GaN layer. This suggests that the floating terminal C-V measurement introduced in this work is a promising analysis method to explore in more detail in future work.
